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1 Introduction
Zeolites are crystalline aluminosilicates with well-defined
micropore networks and tunable active sites. Thus, they
have found numerous important applications in the areas
of separation and catalysis. The molecular-sized micropores
(dpore < 2 nm) endow zeolites with the great advantage of
shape selectivity [1], on the one hand, but severely limit dif-
fusion of molecules in zeolites [2], on the other hand. To
reduce intracrystalline diffusion limitations, a straightfor-
ward approach is to shorten the diffusion path length to the
nanoscale, which has stimulated great interest in synthesiz-
ing hierarchical zeolites [2 – 5]. However, some recent stud-
ies using zero length column (ZLC) [6 – 8] and frequency
response (FR) [9] methods have found that the apparent
diffusivities for nano-sized zeolites can be several orders of
magnitude lower than the ones for micro-sized zeolites.
Such studies [6 – 9] suggest that, besides intracrystalline dif-
fusion resistance, surface transport resistances known as
surface barriers also exist and can even play a dominant role
in determining the rate of mass transport, especially for
nano-sized zeolites. Meanwhile, in catalysis, Rao et al. [10]
evidenced the important role of surface barriers in affecting
the activity of ZSM-5 for catalyzing alkylation of benzene
with ethylene. To rationally design zeolitic materials for
catalysis and separation, it is essential to understand the
exact nature of surface barriers.
Transport across the surface and intracrystalline diffusion
together constitute the overall mass transfer of molecules
from the gas phase into a zeolite crystal, or the other way
around. The surface transport can be further divided into a
series of elementary steps (including molecules adsorbing
on the external surface of zeolites and entering into or leav-
ing surface pores) on the surface layer that separates the
gas-phase region from the core zeolite space, as revealed by
Lercher et al. [11, 12] using time-resolved rapid-scan IR
spectroscopy. Thus, the surface barriers should be tightly
linked to the properties of this surface layer.
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Pore blockage on the external surface of zeolites is
believed to be one important origin of surface barriers. For
silicalite-1 with MFI structure, Dauenhauer et al. [7, 8, 13]
attributed its surface barriers primarily to the blockage of
surface pores and estimated that over 99.9% of its surface
pores could be blocked, using ZLC and FR experiments, as
well as molecular simulations. For Zn(tbip), a nanoporous
metal-organic framework (MOF), Ka¨rger et al. [14, 15]
reached a similar conclusion that the surface barriers on
this material arise from the complete blockage of surface
pores, using microscopic diffusion measurements and
mesoscopic modeling. The exact nature of surface pore
blockage is still uncertain. Mechanistically, the surface pore
blockage could originate from the presence of an amor-
phous phase or uncoordinated lattice on the external sur-
face, which has interpenetrating dangling silanol bonds
[16, 17]. Besides, the surface pore blockage could also arise
from structural imperfections, including bridging across
pores, surface pore narrowing, and pore misalignment,
although existing experimental techniques are still unable to
directly observe these imperfections [8, 13].
Differences in the atomistic force fields experienced by
molecules in the gas phase and the adsorbed phase can be
another reason for the surface barriers on zeolites. Keil et al.
[18 – 21] studied the diffusion of molecules in several zeo-
lites (AFI, LTL, LTA, and MFI) by performing extensive
molecular simulations, and they evidenced the presence of
surface barriers even without steric surface pore blockage.
They attributed these surface barriers to the large free ener-
gy differences between gas phase, zeolite surface, and zeolite
interior. Similar or related explanations on surface barriers
were also given in other literature [22 – 27]. During an
uptake process, the entropic barrier could also be a source
of surface barriers, since molecular rearrangement is
required before entering into surface pores and this rear-
rangement could reduce the pre-exponential for diffusion
[11, 28].
Hence, although extensive experiments and simulations
were carried out in an attempt to understand the nature of
surface barriers on zeolites, the exact causes for these sur-
face barriers remain unclear. Generally, the surface proper-
ties of zeolites determine surface barriers. However, it seems
almost impossible to precisely determine the surface prop-
erties of zeolites by using the existing imaging techniques,
because of their limitation in resolution (~5Å) [29, 30],
therefore, it is very difficult to directly correlate surface bar-
riers with surface properties. Surface modification tech-
niques, such as chemical etching and chemical liquid depo-
sition (CLD), can change the surface properties of zeolites.
For example, HF acid etching can remove the surface layer
in which large amounts of amorphous phase and structural
imperfections are located, as HF reacts with both silicon
and aluminum [16, 31]. Chemical liquid deposition of tetra-
ethyl orthosilicate (TEOS) can deposit a layer of amorphous
SiO2 over the surface layer. This amorphous SiO2 may block
or narrow surface pores and increase the rigidity of these
pores, on the one hand, but may also enhance surface
adsorption and increase sticking coefficients of molecules,
on the other hand [28]. Therefore, combining surface modi-
fication and macro/microscopic techniques of diffusion
measurements [32, 33] could provide a new opportunity to
indirectly probe the nature of surface barriers on zeolites.
Some efforts have been made to investigate the effects of
surface modification on mass transfer in zeolites, but seem-
ingly contradictory results were obtained. Wloch [34] found
that the adsorption of hexane on ZSM-5 was accelerated
after zeolite crystals were purified through HF etching, and
similar findings were also reported for other sorption sys-
tems [16, 35]. Chmelik et al. [36] and Gueudre´ et al. [37],
however, reported that HF etching of silicalite-1 crystals did
not change the sorption rates of isobutene and cyclohexane,
respectively. Lercher et al. [28, 38, 39] deposited a layer of
amorphous SiO2 on ZSM-5 using the CLD method, and
found that the sorption rate can be enhanced or decreased
depending on the structure of the probe molecules and the
surface properties of zeolites. Since different batches of the
same zeolite can have different properties, one may reach
improper conclusions on the nature of surface barriers by
simply comparing the effects of surface modification for dif-
ferent zeolite samples. Moreover, the effects of HF etching
and SiO2 deposition have not been studied in the same zeo-
lite sample up to now. Therefore, in this work, the two sur-
face treatments on the same zeolite sample are conducted to
probe the nature of surface barriers on zeolites in a self-con-
sistent manner.
ZSM-5 as catalyst or adsorbent is widely used for large-
scale applications in the industry. Normal heptane is one
important feedstock that can undergo isomerization, crack-
ing, or aromatization in zeolites to produce valuable petro-
chemicals [40, 41], e.g., propylene and ethylene. Besides, the
surface barriers for mass transfer of n-heptane in ZSM-5
have not been explored to the best of our knowledge.
Hence, it is of both industrial and academic importance to
take sorption of n-heptane in ZSM-5 as the research sys-
tem.
In this study, first the presence of significant surface bar-
riers for mass transfer of n-heptane in ZSM-5, through
comparing the apparent diffusivities of n-heptane (mea-
sured by the ZLC method) for four ZSM-5 samples with
different crystal sizes (1207 – 47 nm), is proven. Then, the
ZSM-5 sample with a crystal size of 214 nm is post-treated
through HF acid etching and SiO2 deposition to remove its
surface layer and deposit a layer of amorphous SiO2 on its
surface, respectively. Eventually, the effects of HF etching
and SiO2 deposition on the apparent diffusivities are
quantified, compared, and analyzed to probe the nature of
surface barriers for mass transfer of n-heptane in ZSM-5.
www.cit-journal.com ª 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2017, 89, No. 10, 1333–1342
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2 Experimental
2.1 Synthesis of ZSM-5
Four ZSM-5 samples with different crystal sizes were syn-
thesized by the hydrothermal method. The Si source, Al
source, molecular composition of the reaction mixture, and
hydrothermal conditions are summarized in Tab. 1.
The synthesis protocol for ZSM-5@1200 and
ZSM-5@540 was based on the one reported by Aguado et al.
[42] and is briefly described as follows. Appropriate amounts
of aluminum isopropoxide (AIP, Al2O3 ‡ 24.7 wt%, Sino-
pharm Chemical Reagent Co., Ltd.), sodium hydroxide
( ‡ 96.0 wt%, Sinopharm Chemical Reagent Co., Ltd.),
deionized water, and tetrapropylammonium hydroxide
(TPAOH , 25wt% in aqueous solution, Shanghai Macklin
Biochemical Co., Ltd.) were mixed and stirred at room tem-
perature until the mixture was clear, forming solution
A. Anhydrous ethanol (99.7 wt%, Shanghai Titan Scientific
Co., Ltd.) was added to tetraethyl orthosilicate (TEOS, SiO2
‡ 28.0 wt%, Shanghai Lingfeng Chemical Reagent Co.,
Ltd.), resulting in solution B. Thereafter, solution B was
dropwise added into solution A, and the mixture was stirred
at room temperature for 12 h to ensure the complete hydro-
lysis of TEOS. The prepared mother solution was hydro-
thermally treated in a Teflon-lined, stainless steel autoclave
under the hydrothermal conditions given in Tab. 1.
The synthesis protocols for ZSM-5@215 and ZSM-5@50
were both based on the one reported in the literature [43].
The two protocols were similar, except for the use of differ-
ent Si sources, the former adopting TEOS, the latter
employing fumed SiO2 (Aladdin Industrial Co., Ltd.). The
Si source (TEOS or fumed silica) and TPAOH were mixed
and stirred at room temperature for 20 h, obtaining solution
A. Aluminum trinitrate (Al(NO3)3  9H2O ‡ 99.0wt%,
Xilong Scientific Co., Ltd.), sodium hydroxide, and deionized
water were mixed to form solution B. Afterwards, solution B
was dropwise added into solution A, and the mixture was
stirred at room temperature for 4 h and then hydrothermally
treated under the conditions given in Tab. 1. After the hydro-
thermal reaction, the product was washed with deionized
water and centrifuged repeatedly for three times, and then
dried at 353K for 8 h. Finally, the four ZSM-5 samples were
obtained after calcination in air at 823K for 6 h.
2.2 Surface Modification
2.2.1 HF Etching
The as-synthesized sample, ZSM-5@215, was selected to
perform HF etching, due to its well-defined external surface
and the strong effect of surface barriers on mass transfer,
which are shown in Sects. 3.1 and 3.2. The process of HF
etching is described elsewhere [34]. Briefly, 1 g of the
non-calcined ZSM-5 sample was added into a Teflon
container containing a mixture of 0.6 g of HF solution
(HF ‡ 99.0 wt%, Shanghai Lingfeng Chemical Reagent Co.,
Ltd.) and 11mL of acetone ( ‡ 99.5 wt%, Shanghai Lingfeng
Chemical Reagent Co., Ltd.). The zeolite suspension was
stirred for 3min, then immediately diluted with extensive
deionized water and filtered using a polypropylene mem-
brane. After that, the product was further washed with
about 2 L of deionized water and then dried at 353K
for 8 h. This product was denoted as ZSM-5@HF-1.
ZSM-5@HF-2 was obtained by repeating the same
procedure a second time. Finally, ZSM-5@HF-1 and
ZSM-5@HF-2 were calcined in air at 823K for 6 h.
2.2.2 SiO2 Deposition
ZSM-5@215 was also modified by chemical liquid deposi-
tion of TEOS, and the process was described elsewhere [44].
Briefly, 2 g of calcined ZSM-5@215 was suspended in a mix-
ture of anhydrous ethanol and TEOS, then the suspension
was heated and refluxed for 1 h at 333K. Thereafter, the
suspension was filtered, and then the product was dried at
393K for 4 h and calcined in air at 823K for 6 h. This prod-
uct was labelled as ZSM-5@SiO2-1. ZSM-5@SiO2-2 was
synthesized by repeating the above procedure a second
time.
2.3 Characterization
The crystalline structure was measured by X-ray diffraction
(XRD) using a D8 advance A25 diffractometer (Bruker,
Germany) equipped with a Cu Ka radiation source. These
measurements were carried out in the range 3 < 2q < 50 at
a rate of 12 per min. The zeolite size and morphology were
Chem. Ing. Tech. 2017, 89, No. 10, 1333–1342 ª 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com
Table 1. Si and Al sources, molecular compositions of hydrothermal reaction mixtures, and crystallization conditions.
Sample Si source Al source Molecular composition of reaction mixture Temperature [K] Duration [d]
ZSM-5@1200 TEOS AIP TPAOH/Na2O/Al/Si/H2O/EtOH
6.2:1.4:1.0:40.0:236.8:407.0
443 3
ZSM-5@540 TEOS AIP TPAOH/Na2O/Al/Si/H2O/EtOH
6.2:1.4:1.0:40.0:236.8:407.0
363 3
ZSM-5@215 TEOS Al(NO3)3 TPAOH/Na2O/Al/Si/H2O 0.1:0.025:1.0:40.0:5.7 443 2
ZSM-5@50 Fumed SiO2 Al(NO3)3 TPAOH/Na2O/Al/Si/H2O 0.1:0.025:1.0:40.0:5.7 443 1
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determined by scanning electron microscopy (SEM) using a
NOVA Nano SEM450 microscope (FEI, USA) operating at
3 kV. Transmission electron microscopy (TEM) analysis
was conducted on a JEM 2100 instrument (JOEL, Japan)
operating at 200 kV. The textural properties of zeolites were
determined from N2 adsorption and desorption measure-
ments at a temperature of 77 K using an ASAP 2020 instru-
ment (Micromeritics, USA).
2.4 Zero Length Column Method
The apparent diffusivities of n-heptane in ZSM-5 zeolites at
373, 383, 393, and 403K were measured by the ZLC method
developed by Ruthven et al. [45 – 48]. The temperature
should not be too high, as some reactions (i.e., cracking and
isomerization) may occur and the corresponding instru-
mental error cannot be ignored; also the temperature
should not be too low as well, as capillary condensation
may occur. Prior to the measurements, the sample placed
between two stainless steel frits was activated under helium
flow at 473K overnight. After the activation, the sample
was initially saturated with n-heptane (0.012 vol. %) that
was obtained by bubbling helium in a saturator loaded with
n-heptane and kept at 265K. Then, the gas flow was
switched to pure helium to desorb n-heptane, and the
transient effluent concentration was measured by a flame
ionization detector (FID). The flow rate of 100mLmin–1
was selected to carry out the measurements in the kinetical-
ly controlled regime, because increasing the flow rate from
80 to 100mLmin–1 does not change the long-time slope
(see Fig. S1 in the Supporting Information). The isotherm
of n-heptane was assumed to follow Henry’s law [49 – 51]
under the experimental conditions in this work, therefore,
the apparent diffusivity of n-heptane (Dapp) can be obtained
using a long-time analysis, from the desorption curve de-
scribed by [45, 47]:
c
c0
¼ 2L
X¥
n¼1
exp b2n DappR2 t
 
b2n þ L L 1ð Þ
  (1)
Here, c is the transient effluent concentration of n-heptane;
c0 is the initial concentration in the effluent; R is the individu-
al crystal radius of the zeolite
sample determined by (4/3)pR3 =
Vcrystal and used in Eq. (4) to cal-
culate the apparent diffusivity; t is
the desorption time; the eigenval-
ues bn are given by:
bn cot bnð Þ þ L 1 ¼ 0 (2)
and L is:
L ¼ 1
3
FR2
KVsDapp
(3)
where F is the interstitial gas velocity, K is Henry’s law con-
stant, and Vs is the solid volume in the ZLC cell. In the
long-time regime, Eq. (1) can be reduced to
c
c0
¼ 2L
b21 þ L L 1ð Þ
exp b21
Dapp
R2
t
 
(4)
where Dapp/R
2 can be obtained from the long-time slope
when plotting ln(c/c0) versus time, t.
3 Results and Discussion
3.1 Characterization of ZSM-5 Samples
3.1.1 Properties of ZSM-5 with Different Crystal
Sizes
The structure, morphology, and texture of the four as-syn-
thesized ZSM-5 samples were characterized by XRD, SEM,
TEM, and N2 adsorption. Their main features are summa-
rized in Tab. 2. The XRD patterns of the four ZSM-5 sam-
ples are compared in Fig. 1. All patterns show the diffrac-
tion peaks for the MFI-type structure and the peak
intensities are very high, indicating high crystallinity of the
ZSM-5 samples.
Based on SEM images, shown in Fig. 2, ZSM-5@1200,
ZSM-5@540, and ZSM-5@215 have a similar shape, but dif-
www.cit-journal.com ª 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2017, 89, No. 10, 1333–1342
Table 2. Characteristics of the ZSM-5 zeolites with different crystal sizes in this work.
Properties ZSM-5@1200 ZSM-5@540 ZSM-5@215 ZSM-5@50
Crystal size [nm]a) 1207 540 214 47
R [nm] 526 229 119 25
SBET [m
2g–1] 310 320 357 366
Vtotal [cm
3g–1] 0.18 0.19 0.30 0.29
Vmicro [cm
3g–1] 0.12 0.10 0.10 0.12
a) Average length of crystal determined from SEM; the crystal is treated as a cuboid for this cal-
culation.
Figure 1. Wide-angle powder XRD patterns of the as-synthe-
sized ZSM-5 samples.
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ferent surface roughness and crystal size. ZSM-5@1200
and ZSM-5@215 possess relatively smooth surfaces;
ZSM-5@540 displays very coarse external surfaces and crys-
tal twinning or secondary crystal growth; some deep holes
(meso- and macropores) in ZSM-5@215 are also observed.
The average crystal sizes are 1207, 540, and 214 nm for
ZSM-5@1200, ZSM-5@540, and ZSM-5@215, respectively,
and the histograms of their crystal size distribution are dis-
played in Fig. 2. ZSM-5@50 consists of aggregates of nano-
sized crystals with an average size of 47 nm (determined
from TEM images) and probably possesses some meso-
porosity between these crystals, as indicated by the TEM
image inserted in Fig. 2d.
N2 adsorption and desorption isotherms in Fig. 3 show
the textural properties of the four ZSM-5 samples, and their
BET surface area (SBET), external surface area (Sext), total
volume (Vtotal, determined from the adsorbed volume at
p/p0 = 0.99), and micropore volume (Vmicro, calculated by
the t-plot method) are summarized in Tab. 2. All samples
display a fast uptake at very low partial pressure, indicating
the presence of much microporosity. ZSM-5@540 shows a
small H4 hysteresis loop (p/p0 = 0.12~ 0.33) indicative of
the existence of very narrow slit pores that contribute to its
surface roughness (Fig. 2b). ZSM-5@215 and ZSM-5@50
display a H3 hysteresis loop, suggesting the existence of mes-
opores in the two samples. For ZSM-5@215, somemesopores
lie in the crystals (Fig. 2c); for ZSM-5@50, the mesopores are
the voids between the nano-sized crystals (Fig. 2d).
3.1.2 Properties of ZSM-5 After Treatment with HF
ZSM-5@215 was post-treated with HF solution once
(ZSM-5@HF-1) or twice (ZSM-5@HF-2), for 3min each
time. The SEM images of the parent zeolite and the two
post-treated zeolites are shown in Fig. 4. After HF etching
once, many more surface voids are formed on ZSM-5@HF-1,
implying that some substances were successfully removed
from the surface layer. After HF treatment twice, numerous
large holes penetrate deeply into the crystals, suggesting that
further HF etching is unnecessary to modify the surface
structure of the parent sample, as this leads to over-etching
of the sample. Valtchev et al. [52] have confirmed that HF
solution preferentially removes the amorphous phase on
the ZSM-5 crystals. Therefore, the amorphous phase on
ZSM-5@215 should be removed after just one HF etching
treatment.
3.1.3 Properties of ZSM-5 After Treatment with
Tetraethyl Orthosilicate
ZSM-5@215 was post-treated with TEOS once or twice
using the CLD method, the TEM images of the parent zeo-
lite and two post-treated zeolites are displayed in Fig. 5.
After the first treatment with TEOS, no amorphous SiO2 is
observed in the TEM images, although a very small amount
of SiO2 might have deposited on the zeolite surface; after
the second chemical liquid deposition of TEOS, a uniform
layer of amorphous SiO2 with a thickness around 4.4 nm is
Chem. Ing. Tech. 2017, 89, No. 10, 1333–1342 ª 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com
Figure 2. Representative SEM images of a) ZSM-5@1200, b) ZSM-5@540, c) ZSM-5@215, and d) ZSM-5@50. The corre-
sponding histograms of their crystal size distribution are also given below the SEM images. Inserted within a yellow
frame in d) is a TEM image of an aggregate of ZSM-5@50 crystals.
Figure 3. N2 adsorption (solid symbols) and desorption (open
symbols) isotherms at 77K on the ZSM-5 samples.
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clearly shown in Fig. 5c, indicating the successful deposition
of SiO2 over the surface of ZSM-5@215.
3.2 Strong Surface Barriers for
n-Heptane Diffusion in ZSM-5
ZLC curves were measured at tempera-
tures of 373, 383, 393, and 403K for
desorption of n-heptane from the ZSM-5
samples, as shown in Fig. 6. The apparent
diffusivities determined from the ZLC
curves are collected in an Arrhenius plot
(Fig. 7), and the calculated activation
energies are also given. The apparent dif-
fusivity decreases over two orders of
magnitude when crystal size decreases
from 1207 to 47 nm, which indicates the
existence of strong surface barriers. A
similar relation between zeolite size and
apparent diffusivity was found by
Dauenhauer et. al [7, 8, 13] as well as
Gobin et al. [9] The activation energies
for SM-5@1200, ZSM-5@540, and
ZSM-5@215 (26.7, 25.3 and 27.1 kJmol–1)
are very close, while the one (31.7 kJmol–1)
for ZSM-5@50 is 17 – 25% higher than
the other ones.
The apparent diffusivity is expected to
be unchanged with zeolite size if the
overall mass transport rate is controlled
by intracrystalline diffusion. However,
when transport across the surface be-
comes important, the apparent diffusiv-
ity would decrease with the reduction of
zeolite size, which was regarded as an
indirect proof of strong surface barriers
[7 – 9, 13]. In this study the same conclu-
sion was made, confirming the presence
of strong surface barriers for desorption
of n-heptane from ZSM-5 crystals. The
difference in activation energy can be
attributed to the different surface proper-
ties of the ZSM-5 samples. ZSM-5@50
has a distinct surface morphology when
comparing it to the other ZSM-5 samples
(see Fig. 2), and this sample may contain
more structural imperfections. Some
structural imperfections, such as surface
pore narrowing and misalignment, po-
tentially increase the energy barrier for
desorption of n-heptane from surface
pores, and subsequently result in the
higher activation energy for ZSM-5@50,
as the probe molecules need to overcome
this energy barrier [9, 28, 53].
www.cit-journal.com ª 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Ing. Tech. 2017, 89, No. 10, 1333–1342
Figure 4. Representative SEM images of a) ZSM-5@215 (parent sample), b) ZSM-5@HF-1
(HF etching for one time), and c) ZSM-5@HF-2 (HF etching for two times).
Figure 5. Representative TEM images of a) ZSM-5@215 (parent sample), b) ZSM-5@SiO2-1
(single SiO2 deposition step), and c) ZSM-5@ SiO2-2 (two SiO2 deposition steps). The insert
in a) is the SAED pattern that indicates the single-crystalline nature of ZSM-5@215.
Figure 6. ZLC desorption curves for n-heptane in a) ZSM-5@1200, b) ZSM-5@540, c)
ZSM-5@215 and d) ZSM-5@50 at 373K (outlined box), 383K (outlined circle), 393K (out-
lined triangle), and 403K (cross). Symbols represent experimental data, and solid lines
are from the long-time analysis fitting. Flow rate 100mLmin–1, atmospheric pressure.
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3.3 Effects of HF Etching on Surface Barriers
To probe the effects of HF etching on surface barriers, the
apparent diffusivities of n-heptane for ZSM-5@215, ZSM-
5@HF-1, and ZSM-5@HF-2 are compared in Fig. 8d. The
apparent diffusivities for ZSM-5@HF-1 are almost the same
as the ones for ZSM-5@215, indicating that HF etching
does not affect the surface barriers. The apparent diffusiv-
ities for ZSM-5@HF-2 increase by 13 – 31%, which was an-
ticipated, since the intracrystalline diffusion path is short-
ened due to the presence of numerous deep holes (see
Fig. 4c). In addition, the activation energy for ZSM-5@HF-2
is 18% higher than the one for ZSM-5@215.
The amorphous phase dissolved by HF solution may fail
to block surface pores or change the surface energy barrier
in the materials, therefore, the surface barriers are un-
changed after HF etching once. However, if the zeolite sam-
ple is over-etched by HF solution, some new surface layers
are exposed, due to the presence of numerous large holes
(see Fig. 4c). These surface layers may be rich in structural
imperfections, especially surface pore narrowing and mis-
alignment, which can increase the activation energy [8, 28].
3.4 Effects of SiO2 Deposition on Surface Barriers
The apparent diffusivities for ZSM-5@215, ZSM-5@SiO2-1,
and ZSM-5@SiO2-2 are compared in Fig. 9d to study the
effects of SiO2 deposition on surface barriers. The apparent
diffusivities for ZSM-5@SiO2-1 slightly increase by 3 – 12%,
as only very little amorphous SiO2 is deposited on the zeo-
lite surface after the first treatment with TEOS. However,
the apparent diffusivities for ZSM-5@SiO2-2 are 142 – 187%
larger than the ones for ZSM-5@215. In addition, the mea-
sured activation energy decreases by 11 to 13% after SiO2
deposition once or twice, although there is not enough
information from ZLC to conclude that the difference in ac-
tivation energy between these samples is significant.
The amorphous SiO2 deposited on ZSM-5 can change the
physical nature of the surface layer. Gobin et al. [28] sug-
gested that this physical change could be, in principle: (1)
complete pore blockage, (2) surface pore nar-
rowing, or (3) rigidity of the surface pore
openings, which essentially increases surface
barriers. Thus, this amorphous SiO2 probably
reduces the energy barrier for desorption of
n-heptane from surface pores, which could be
the reason for the decreased activation energy
and surface barriers.
3.5 The Nature of External Surface
Barriers in ZSM-5
The desorption of molecules from zeolite interi-
or to gas phase includes three consecutive steps
[11, 12]: (1) diffusing from the interior to a pore
mouth, (2) hopping out of a pore mouth and
physically adsorbing on the external surface; (3)
desorbing into the gas phase. Step 1 is the intra-
crystalline diffusion, while surface barriers origi-
nate from steps 2 and 3. Moreover, desorbing
molecules from external surface to gas phase is
relatively easy, and the sticking coefficients are
generally very low (10–6 ~ 10–7) [11, 12, 28, 38].
Therefore, hopping out of a pore mouth (step 2)
should be the rate determining step of surface
Chem. Ing. Tech. 2017, 89, No. 10, 1333–1342 ª 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cit-journal.com
Figure 7. Arrhenius plot for apparent diffusivities of n-heptane
in ZSM-5@1200 (box), ZSM-5@540 (circle), ZSM-5@215 (triangle),
and ZSM-5@50 (diamond). Symbols represent experimental
data, and solid lines are the fitted curves. Flow rate 100mLmin–1,
atmospheric pressure.
Figure 8. ZLC desorption curves for n-heptane in a) ZSM-5@215, b) ZSM-5@HF-
1, and c) ZSM-5@HF-2 at 373K (outlined box), 383K (outlined circle), 393K (out-
lined triangle), and 403K (cross). d) Arrhenius plot of apparent diffusivities for
the three ZSM-5 samples. Symbols represent experimental data, and solid lines
are the fitted curves. Flow rate 100mLmin–1, atmospheric pressure.
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transport; the surface properties affect this step and, subse-
quently, the surface barriers.
Surface pore blockage exists when amorphous phase (i.e.,
SiO2) covers the external surface of zeolites. This blockage
potentially extends the diffusion path length, because addi-
tional movements are required before the probe molecule
finds an open surface pore, however, the blockage should
not change the activation energy [7, 8, 13]. In this work, HF
acid was used to dissolve the amorphous phase on
ZSM-5@215, and no reduction in surface barriers was
found. The external surface of the parent sample is relative-
ly smooth, so it is speculated that there exists only a very
small amount of amorphous phase, which is not abundant
enough to block many surface pores. Therefore, it is sug-
gested that pore blockage by the amorphous phase should
not be the primary reason for surface barriers in the present
situation.
An energy barrier exists when a molecule hops out of a
pore mouth, because the molecule experiences distinct force
fields at the sites on the external surface and in a pore
mouth [18, 19, 22]. The molecule needs to overcome this
high energy barrier before adsorbing on the external sur-
face, which can cause surface barriers even for zeolites free
of structural imperfections. The amorphous SiO2 near the
surface pores can reduce this energy barrier, although it
could also narrow or even block the surface pores, accord-
ing to the work by Lercher et al. [28, 38, 39]. The probe mol-
ecule, n-heptane, is relatively small compared to the micro-
pore sizes of ZSM-5 and, therefore, the change in energy
barrier is more important in affecting surface barriers. In
this work, a reduction in surface barriers was
found when depositing a layer of amorphous
SiO2 on the external surface of ZSM-5@215,
which suggests the energetic nature of surface
barriers on zeolites.
It should be noted that structural imperfec-
tions can also block the surface pores and con-
tribute to the energy barrier [8, 13, 28, 50]. How-
ever, these effects of structural imperfections
could not be studied in this work, due to the lack
of proper surface modification methods and
characterization techniques.
4 Conclusions
In this study, four ZSM-5 samples with different
crystal sizes (namely 1207, 540, 214, and 47 nm)
were synthesized, and the sample with a crystal
size of 214 nm was post-treated through HF acid
etching and chemical liquid deposition of TEOS.
The apparent diffusivities of n-heptane for these
ZSM-5 samples were measured, compared, and
analyzed to explore the nature of surface bar-
riers. The apparent diffusivity decreases by over
two orders of magnitude when reducing the
crystal size from 1207 to 47 nm, proving the presence of
strong surface barriers in this research system. HF etching
cannot change the apparent diffusivity, as long as the sam-
ple is not over-etched, thus, suggesting that mechanical pore
blockage by amorphous phase should not be the primary
reason for surface barriers in this system. SiO2 deposition
increases the apparent diffusivity by over 140%, as surface
barriers are reduced through lowering the energy barrier for
desorption of n-heptane from surface pores.
Surface barriers possess an energetic or mechanical
nature, and the barriers are dependent on the structure of
the probe molecules and the surface properties of zeolites.
In this work, the large energy barrier should be one impor-
tant reason for surface barriers; a small amount of amor-
phous phase cannot affect surface barriers in this case,
although it might block or narrow some surface pores. To
understand the exact nature of surface barriers under a
broader range of conditions, further work on correlating
apparent diffusivities with surface properties of zeolites is
still needed.
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Figure 9. ZLC desorption curves for n-heptane in a) ZSM-5@215, b) ZSM-5@SiO2-1,
and c) ZSM-5@SiO2-2 at 373K (outlined box), 383K (outlined circle), 393K (out-
lined triangle), and 403K (cross). d) Arrhenius plot of apparent diffusivities for
the three ZSM-5 samples. Symbols represent experimental data, and solid lines
are the fitted curves. Flow rate 100mLmin–1, atmospheric pressure.
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Symbols used
c [molm–3] transient effluent concentration
c0 [molm
–3] initial concentration in the effluent
F [m s–1] interstitial gas velocity
K [Pam3mol–1] Henry’s law constant
R [m] individual crystal radius
SBET [m
2g–1] BET surface area
Sext [m
2g–1] external surface area
t [s] desorption time
Vmicro [cm
3g–1] micropore volume
Vs [m
3] solid volume in the ZLC cell
Vtotal [cm
3g–1] total volume
bn [–] eigenvalues
Abbreviations
AIP aluminum isopropoxide
CLD chemical liquid deposition FR
frequency response
FID flame ionization detector
MOF metal-organic framework
SEM scanning electron microscopy
TEM transmission electron microscopy
TEOS tetraethyl orthosilicate
TPAOH tetrapropylammonium hydroxide
XRD X-ray diffraction
ZLC zero length column
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